As more than 50% construction and demolition (C&D) wastes are composed of concrete debris in Hong Kong, recycling this debris into Recycled Aggregate (RA) for production of Recycled Aggregate Concrete (RAC) is an efficient way to alleviate the burden on landfill areas. Since RA is generated from concrete debris which has undergone years of services, the resulting RAC bears the weaknesses of lower density, higher water absorption, and higher porosity that limit them to lower-grade applications. Pinpointing to these weaknesses, Tam 
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Introduction
In recent years, recycling of concrete wastes in producing Recycled Aggregate (RA) has been proven to be commercially viable and technically sound for non-structural applications [ [32] . This residual mortar alters the absorption and density of aggregate, leading to adverse effects on concrete performance.
The worry on the use of RAC is not limited to structural stability, but also their durability in designing concrete structures [24] [38] . Durability plays an important role in the life cycle cost of a structure; for example, in Japan, it is estimated that the maintenance and renovation costs for infrastructure will exceed 70% of the total public investment in 2010. In the United States, it is estimated that the necessary repairs and improvements to the infrastructure will amount to $3.3 trillion over a period of 19 years.
Thus, durability has become a matter of social importance.
To improve the quality of RAC, a new mixing method: Two-Stage Mixing Approach (TSMA) has been developed by Tam et al. [1] . The improvement is achieved by forming a layer of cement slurry on the surface of RA to fill up the cracks and voids, leading to an improved interfacial zone at the pre-mix stage. The improvement of strength on TSMA has been proven by Tam et al. [1] while the performance on durability remains to be studied. The factors affecting concrete structures' durability have been reported by many researchers. Most agree that deformation (in the forms of shrinkage and creep) and permeability (in the forms of water, air and chloride permeability) are good and reliable indicators to assess the long-term durability of concrete [24] [1] by highlighting the improvements to RAC; and ii) experimenting the durability performance of RAC in terms of deformation (in the forms of shrinkage and creep) and permeability (in the forms of water, air and chloride permeability) so achieved by TSMA.
Experimental Work
Methods and Material
In investigating the behaviour of RAC, RA was collected from the centralized recycling plant at Tuen Mun Area 38, which has met the specification of the Buildings Department (BD) of the Hong Kong Special Administrative Region (SAR) [39] . In producing RAC, RA is required to be thoroughly wetted before use and follow the designated mix proportions (see Table 2 ) with a water to cement ratio of 0.45. uses half of the required water for mixing leading to the formation of a thin layer of cement slurry on the surface of RA which will permeate into the porous old cement mortar, filling up the old cracks and voids. At the second stage of mixing, the remaining water is added to complete the concrete mixing process. As a result, improvements in strength have been recorded in the works of Tam et al. [1] . However, the lack of data on durability hinders the large-scale adoption of this economic and environmentally friendly mixing approach.
Therefore, the long-term performance still needs to be examined.
A review of the literature unveils that there are limited studies on the durability of RAC.
Drying of concrete occurs in a non-homogeneous manner leading to a strong structural effect;
self-equilibrated stresses do arise within the material [43] . The intrinsic behaviour of the deformation of concrete can therefore be deduced in a sort of inverse analysis by focusing on the conventional components: drying shrinkage and creep. Furthermore, the permeability in concrete is a material characteristic bearing a significant influence on concrete durability, specifically regarding freeze-thaw resistance, resistance to chemical attack, and alkali-aggregate reactions [44] . They are considered the important indicators of concrete quality. 
Experimental Results
Although the use of RAC is an effective method in reducing the problems of C&D waste, the problems associated with the quality of RAC are of grave concern. The most important factor influencing the quality is the high water absorption due to the large amounts of old cement mortar attached to the RA. The use of RAC generally leads to about 10% reduction in the compressive and tensile strength, up to 35% reduction in modulus of elasticity, nearly 100% increase in drying shrinkage and 100% increase in the permeability [26] [41]. As a result, the durability of RAC is lower than that of normal concrete [45] . The physical and mechanical properties, durability and deformation become worse when increasing the RA replacement ratio. Table 4 .
<Table 4>
As regards shrinkage of concrete specimens, Table 5 summarizes the average results of the six tests with the change of deformation behaviour shown in Figure 2 . Similarly for creep, Table 7 shows that a higher substitution of RA will accelerate the creep deformation. For example, 0.00005 strain/day can be recorded on 100% RA substitution and 0.00002 strain/day can be recorded on 0% RA substitution for NMA. However, the difference between 0% and 20% of RA substitutions is not significant.
<Table 7>
Although there is an increase in deformation after the adoption of RA, TSMA helps reduce its impact. From the experimental results, the reduction on creep strain for TSMA is proven; for example, 0.001176 is measured for TSMA and 0.001517 is measured for NMA with 100% Furthermore, the deformation of RAC can be improved after adopting TSMA by up to 68.09% in shrinkage and 46.42% in creep (as in the case of 100% RA substitution after 14 days of curing).
After measuring the deformation behaviour in terms of shrinkage and creep, the performance of concrete in reversibility and irreversibility after rewetting and unloading the samples are investigated [49] . In the case of shrinkage, it can be categorized into reversible shrinkage, which is the part of total shrinkage that is reproducible on wet-dry cycles; and irreversible shrinkage, which is the part of total shrinkage on first drying that, cannot be reproduced on TSMA are better than those from NMA (see Table 8 ). [58] . Since permeability determines the relative ease with which concrete can become saturated with water, permeability has an important bearing on the vulnerability of concrete to frost. Furthermore, in the case of reinforced concrete, the ingress of moisture and of air and chloride will result in the corrosion of steel. Since this leads to an increase in the volume of the steel, cracking and spalling of the concrete cover may well follow [49] . In this paper, three types of permeability tests are experimented: water permeability, air permeability and chloride permeability. Tables 9, 10 and 11 summarize the results on water, air and chloride permeability respectively.
In a hydrated cement paste, the size and continuity of the pores at any point during the hydration process would control the coefficient of permeability. The mixing water is indirectly responsible for permeability of the hydrated cement paste because its content determines the total space and subsequently the unfilled space after the water is consumed by either cement hydration reactions or evaporation to the environment [47] . The permeability of concrete is affected by its porosity, and size, distribution and continuity of the pores [49] . The experimentation highlights the reduction on the performance of permeability with higher substitutions of RA (see Tables 9, 10 and 11) . For examples, the water, air and chloride permeabilities obtained are 0.001642mm 2 /s.BAR, 4.5470s/ml and 2906.60 amperes.s with 100% RA substitution compared to 0.001284mm 2 /s.BAR, 9.0082s/ml and 2231.56 ampere.s with 0% RA substitution for NMA under 182 curing conditions. However, the difference is not significant for RA replacements between 0% and 20%.
Although the adoption of RA will weaken the performance of RAC [24] [32], TSMA helps alleviate the problem as a reduction in the volume of large capillary voids in the paste matrix would certainly reduce the permeability. Since the porosity of RA is reduced by the provision of the cement gel surrounding RA in the pre-mix stage of TSMA, permeability can be improved (see Tables 9, 10 bonding and the specimen preparation technique which, however, are notoriously difficult to measure. Although these effects have been reported by some investigation, the results are difficult to reconcile. Nonetheless, it is generally agreed that as the paste-aggregate bond strength increases, the concrete strength also increases [48] . Figure 9 highlights the fracture mode for TSMA which is not around ITZ, while that for NMA is. It is therefore proved that TSMA can improve the ITZ of RA and thus the strength and durability of RAC. Figure 10 illustrates the concrete matrix scenario for NMA and TSMA schematically. Therefore, this demonstrates that TSMA can provide an effective method for enhancing durability, in addition to the previously verified strength improvement, and thus the approach opens up a wider scope of RAC applications.
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CC t = E CS t 1
Equation (2)
Where CS t is the creep strain at time t; CC t is the creep coefficient at time t; ε t is the measured strain at time t; E 1 is the initial elastic strain; S t is the shrinkage strain at time t; and t is the time after loading (in days). ( )
Where ε t is the measured strain at time t; E 1 is the initial elastic strain; F(K) is the creep rate (in strain/day); and t is the time after loading (in days). 
